Toward the elucidation of advanced mechanisms of L-lysine production by Corynebacterium glutamicum, a highly developed industrial strain B-6 was analyzed from the viewpoint of gene expression. Northern blot analysis showed that the lysC gene encoding aspartokinase, the key enzyme of L-lysine biosynthesis, was upregulated by several folds in strain B-6, while no repression mechanism exists in L-lysine biosynthesis of this bacterium. To analyze the underlying mechanisms of the up-regulation, we compared the transcriptome between strain B-6 and its parental wild-type, finding that not only lysC but also many other amino acidbiosynthetic genes were up-regulated in the producer. These results suggest that a certain global regulatory mechanism is involved in the industrial levels of L-lysine production.
Corynebacterium glutamicum and related bacteria are industrially important microorganisms that are widely used for the production of various amino acids. Commercially potent amino acids producers of C. glutamicum have been developed mostly by repeated random mutation and selection. Although this classical method has contributed greatly to the fermentation industry, it has the serious disadvantage of leading to the accumulation of numerous undefined mutations, which leave the production mechanism ambiguous and thus hinder subsequent rational metabolic engineering.
Our laboratories have recently determined the whole genome sequence of the wild-type strain, C. glutamicum ATCC 13032. 1) Following this, we have developed a methodology which we call ''genome breeding.'' 1, 2) In this approach, biotechnologically useful mutations identified through the genome analysis of an industrial producer are systematically introduced into the wildtype genome in a pinpointed manner, thus allowing creation of a defined mutant that carries only useful mutations. As already demonstrated by the generation of an efficient and robust L-lysine-producing C. glutamicum mutant, [2] [3] [4] this approach has the potential advantage of creating industrially more advantageous strains, as well as the merit of rationalizing the production mechanisms.
While verifying the usefulness of this methodology, we found that the industrial levels (more than 100 g/l) of L-lysine production were not obtained by our reconstructed strain, suggesting the presence of other unknown mechanisms of production. To address these, we analyzed a highly developed industrial L-lysine producer, C. glutamicum B-6, 5) which was derived by multiple rounds of mutagenesis from wild-type strain ATCC 13032, from the viewpoint of gene expression. Our targets for this purpose focused on four biosynthetic genes, pyc (NCgl0659), aspC (NCgl0237), lysC (NCgl0247), and ddh (NCgl2528), because pyruvate carboxylase encoded by the pyc gene and aspartate aminotransferase encoded by the aspC gene are important in redirecting carbon flux from central metabolism to L-aspartate, and, in addition, aspartokinase encoded by the lysC gene and diaminopimelate dehydrogenase encoded by the ddh gene function as key enzymes to channel carbon efficiently from L-aspartate to L-lysine. 6, 7) The transcript levels of the four genes were then investigated by northern blot analysis using a DIG-High Prime DNA Labeling and Detection Starter Kit II as recommended by the supplier (Roche, Manheim, Germany). Total RNAs from producer B-6 and its parental wild-type ATCC 13032 were prepared from midexponential phase cultures of 5-liter jar fermentors as described in our previous reports. 2, 3, 8) Strain B-6 already produced a considerable amount of L-lysine (more than 15 g/l) in the mid-exponential phase. On the sampling points, the growth levels (OD 660 ) of strain B-6 and wildtype ATCC 13032 were almost 30 and 50 respectively. 
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The full-length DNA fragment of each gene was amplified by PCR and used to prepare a digoxigeninlabelled probe. In this experiment, we did not observe any distinct differences in gene expression between the two strains with respect to ddh, aspC, or pyc (data not shown). However, we found the unexpected result that the transcript levels of the lysC-asd operon encoding aspartokinase and aspartatesemialdehyde dehydrogenase 9) respectively were significantly induced in producer B-6, as compared to parental wild-type ATCC 13032 (Fig. 1 ). This observation is noteworthy because previous studies on L-lysine biosynthesis and its regulation in C. glutamicum have established that no repression mechanism exists in the L-lysine biosynthesis of this organism.
10) The northern data, as well as the recent availability of DNA array technologies in this bacterium, 8, 11, 12) facilitated our transcriptome analysis of strain B-6 to investigate what occurred in the producer at the gene expression level.
Transcriptome analysis was performed using GeneChip (Affymetrix, Santa Clara, CA). Total RNAs from wild-type ATCC 13032 and producer B-6 were prepared from mid-exponential phase cultures of 5-liter jar fermentors as described previously. 2, 3, 8) Labeling of RNA transcripts, hybridization, and scanning were performed according to the manufacturer's instructions. Gene expression data was analyzed using Microarray Suite 5.0 software (Affymetrix). Changes in expression levels that had a change call of decrease or increase together with a P value of <0:001 and a signal ratio of more than 1.5-fold were considered significant. Table 1 shows genes showing differential expressions in central carbon metabolism and amino acid biosyntheses. Figure 2 shows amino acid-biosynthetic pathways with changes observed in the mRNAs encoding each enzyme mapped using a color gradation. Under these analytical criteria, the transcriptional profile of strain B-6 was significantly different from that of the wild-type strain ATCC 13032. The metabolism of strain B-6 was roughly characterized by two features: high expression levels of the pentose phosphate pathway genes and low expression levels of the TCA cycle genes, and global induction of amino acid-biosynthetic genes (Fig. 2 , Table 1 ). The reproducibility of the measurements was confirmed by duplicate, independent cultures and array experiments.
The feature observed for the central metabolic pathways was reasonably understood because the gene expression profiles were consistent with the known carbon flux changes in L-lysine producers: increased flux in the pentose phosphate pathway and decreased flux in the TCA cycle. [13] [14] [15] On the other hand, the feature observed for the amino acid-biosynthetic pathways was unexpected, because those up-regulated genes included genes such as lysC-asd, serAB, and aroEBKC, for which no transcriptional regulation is known. It is interesting to note that the expression levels varied not more than 10-fold in most of those genes. This expression pattern, that is, coordinate up-regulation of many amino acid-biosynthetic genes by relatively small ranges, reminded us of induction of a certain global regulatory mechanism, rather than derepression of individual biosynthetic pathways. Only leuCD were exceptionally up-regulated as much as about 50-fold. Because strain B-6 exhibits a leucine-leaky phenotype, it is likely that leuCD is released from the possible repression mechanism under the conditions used.
We next examined whether those global expression changes occurred in another defined L-lysine producer C. glutamicum AHP-3, generated by our genome breeding approach.
2,3) Strain AHP-3 carries a mutation set essential for L-lysine production (hom59, lys311, pyc458), which was identified through the genome analysis of the industrial L-lysine producer B-6. One of the advantages of the new strain AHP-3 over the classical strain B-6 is its very high production rate. However, the final titer of L-lysine by strain AHP-3 (85 g/l) has not yet reached the levels of strain B-6 (around 100 g/l). When total RNAs from mid-exponential phase cultures of 5-liter jar fermentors were used to study differential transcription profiles between strain AHP-3 and its parental wild-type ATCC 13032 which produces no L-lysine, we did not observe significant global expression changes either for the central metabolic pathways and for the amino acid-biosynthetic pathways in strain AHP-3 (data not shown). This result is reasonable because AHP-3 carries no mutations relevant to gene expression. These results suggest that the features observed only in strain B-6 might be involved in the industrial levels of L-lysine production. Total RNA (5 mg) was size-fractionated and probed with the digoxigenin-labelled 1266 base full-length DNA fragment of lysC. The arrow indicates the hybridizing band corresponding to the expected size of the 2.7 kb lysC-asd transcript. The 1.5 kb hybridizing band corresponds to the transcript from second promoter which lies within the lysC coding region.
9) The numbers on the left indicate the sizes of RNA Molecular Weight Marker I, digoxigenin-labelled (Roche). Possible explanations are as follows: the global induction of the amino acid-biosynthetic genes might contribute to increased L-lysine production through increased expression of lysC-asd. The other expression behavior of the central metabolic pathways, that is, the up-regulation of the pentose phosphate pathway genes and the down-regulation of the TCA cycle genes, might allow optimization of NADPH regeneration and precursor supply for L-lysine biosynthesis, respectively. However, at present, their molecular mechanisms for the differential expression pattern remain to be elucidated.
Recent studies have strongly suggested the presence of the stringent control mechanism in the coryneform bacteria, [16] [17] [18] like Escherichia coli. 19) If so, it is expected that a certain mutation(s) might provoke this stringent response, thus leading to the global induction of the amino acid-biosynthetic genes in strain B-6. Since it was also reported that C. glutamicum exhibited the stringent response when being grown in the presence of DL-serine hydroxamate, an L-serine structural analog, 18) we examined the effect of DL-serine hydroxamate supplementation on the transcriptome of the wild-type strain ATCC 13032 using GeneChip (Table 1) . Strain ATCC 13032 was grown on a BY medium 20) to the midexponential phase. After washed twice with a minimal medium, 21) the wild-type strain was resuspended in the minimal medium supplemented with DL-serine hydroxamate (1 mg/ml) and cultivated for 60 min. All cultivations were done in 300-ml baffeled flasks with 30 ml medium at 30 C on a rotary shaker. In our array experiments, more than ten amino acid-biosynthetic genes, gdhA, lysC, dapD, metE, serA, leuCD, trpEDC, hisF, and hisD, were up-regulated under conditions supplemented with the analog. However, their expression levels varied much smaller ranges than those observed in strain B-6 (Table 1 ). In addition, some genes, such as serB, ilvD, and aroE, were not significantly regulated (Table 1) , which was inconsistent with the behavior of strain B-6. These results suggest that another global regulatory mechanism might be related to the feature observed for the amino acid-biosynthetic pathways in strain B-6, while there still remains the possibility of involvement of the stringent control mechanism.
In spite of extensive knowledge of the mechanisms of amino acid production, most of industrial producers are still veiled in mystery. This study focused on such an industrial producer and, for the first time, characterized its transcriptome. The discovery of global expression changes in the industrial producer B-6 gave us an important clue to unraveling the industrial levels of L-lysine production. We are currently pursuing the relevant mutation(s) from among mutations identified in the genome of strain B-6, with special attention to genes and regulons that are involved in amino acid biosynthesis and metabolism. Reddish boxes represent genes the expression of which increased, and green boxes represent genes the expression of which decreased in strain B-6. Genes the P value of which was >0:001 are represented by gray boxes. The magnitude of up-regulation or down-regulation is shown by the color bar. Graphic representations were made with Genespring software (Silicon Genetics, Redwood City, CA). Symbols for genes and gene accession numbers are as in our previous report. 8) 
